result in pauses during processive degradation. Our study highlights the importance of metalion-coordination dynamics in correlation with the enzymatic reaction-steps, and offers insights into the origin of dynamic heterogeneity in enzymatic catalysis.
M g 2+ is an abundant divalent cation in cells that is required by many enzymes [1] [2] [3] that involve breaking and forming phosphodiester bonds during nucleic acid metabolism. Many studies have been devoted to better understanding various metal-ion binding modes 4 , phosphodiestercleavage reactions, and the binding free energies of different ligand coordination systems 5, 6 . Among diverse metal-ion chemistries, the two-metal-ion coordination is frequently used by nucleases, polymerases, integrases, ATPases, and topoisomerases. Furthermore, several time-resolved X-ray crystallographic analyses have revealed dynamic changes in the metal-ion coordination at the active site during DNA cleavage 7, 8 and DNA synthesis 9, 10 .
Most theoretical studies however have been limited to the cleavage steps [11] [12] [13] [14] and rarely investigated the stability or residence time of metal-ion cofactors at the active site. In principle, metal ions coordinated to the active site of an enzyme have finite lifetimes. If the coordinated lifetime is shorter than or comparable to the time scale associated with the enzyme cycle, then the dynamics of metal ions could affect the rate and dynamics of enzymatic turnover, and in turn cause dynamic disorder in the catalytic cycle of the enzyme 15 . Although some results have suggested that two Mg 2+ ions in nucleases have separate catalytic roles [16] [17] [18] (e.g., Mg A 2+ primes the activation of the nucleophile, while Mg B 2+ stabilizes the transition state and accelerates product formation), the details of their roles during the full enzymatic cycle are not fully understood. In this study, we use λ-exonuclease as a model system to investigate the microscopic underpinnings of how the two catalytic metal ions promote catalysis and address how their dynamics affect overall enzymatic activity. We adopt single-molecule fluorescence resonance energy transfer (FRET) as an experimental tool to directly probe the time-resolved dynamics of exonuclease translocation along a DNA strand. We perform kinetic modeling of Mg 2+ -dependent degradation and molecular dynamics (MD) simulations to correlate the metal-ion chemistry and enzyme activity (including cleavage and translocation) and to infer a molecular mechanism that can best explain the diverse patterns observed in the FRET time trajectories. We find that the two metal ions in the active site (Mg A 2+ and Mg B 2+ ) have similar binding constants, but asymmetric thermodynamic stabilities during the enzymatic reaction.
RESULTS
Single molecule fluorescence assay for λ-exonuclease. λ-exonuclease, which forms a homotrimeric ring structure wrapped around the linear DNA duplex 19, 20 , degrades one strand of the DNA in the 5′-to-3′ direction, producing a 3′ single-stranded (ss) overhang tail ( Fig. 1) [21] [22] [23] . The resulting product serves as a DNA intermediate, essential for homologous recombination in the bacteriophage λ system 24 . λ-exonuclease translocation along DNA is driven by the chemical free energy released by the hydrolysis of phosphodiester bonds 25 and is a highly processive enzyme 26, 27 (>3,000 nucleotides (nt) per attempt). Mg 2+ , an essential cofactor for the nuclease activity of this enzyme 28 , establishes catalytic coordination at the active site 20 . The cocrystal structure of λ-exonuclease revealed that the enzyme utilizes two Mg 2+ ions separated by 4.0 Å, both of which prefer an octahedral geometry for catalysis, typical of a classical two-metal mechanism 20 .
To monitor the λ-exonuclease activity in real time at the singlemolecule level, we designed a blunt-ended double stranded (ds) DNA substrate with a phosphate group on the 5′ end of the hydrolyzed strand (termed the 5′ strand) and a hydroxyl group on the 3′ end of the non-hydrolyzed strand (termed the 3′ strand). The FRET donor (Cy3) and acceptor (Cy5) were covalently attached to the 23 rd and 43 rd nucleotides of the duplex, respectively (Fig. 1b) . The DNA substrate was immobilized on a polymer-coated quartz surface via biotin-streptavidin interactions (Fig. 1b) . This experimental setup, used in our previous study 21, 25 , allowed us to monitor the processive phase of degradation in real time.
When a reaction buffer containing Mg 2+ and λ-exonuclease was applied to DNA molecules immobilized on the surface via a flow delivery system 29 , degradation started from the 5′ strand, with degradation-directed translocation of λ-exonuclease along the 3′ strand (Fig. 1b) . The enzymatic degradation converts the rigid dsDNA substrate into flexible ssDNA, which on average shortens the distance between the two fluorophores, producing an increase in FRET (Fig. 1c, d) 21 .
As expected, upon adding Mg 2+ , we observed a gradual increase in the FRET signal (blue trace), caused by a decrease in donor intensity and an increase in accepter intensity (green and red traces in Fig. 1c) . The major peak of the FRET efficiency histogram shifted from 0.26 to 0.53 upon cleavage (Fig. 1d) . Such FRET changes were not observed in the absence of Mg 2+ (Fig. 1d , middle panel) and thus can be attributed to λ-exonuclease activity-elicited degradation of DNA 21 . The monotonic increases in FRET without pauses indicate that λ-exonuclease is processive at physiologically relevant Mg 2+ concentrations (>3 mM) 21 . We characterized the degradation time of the 20-nt-DNA strand between the two FRET dyes by measuring the time period over which FRET increased from the minimum to the maximum values (vertical dotted lines in Fig. 1c ). The degradation rates were defined by the number of nucleotides (20 nt) divided by the degradation time Mg 2+ -dependent degradation of DNA by λ-exonuclease. During the reaction, stable metal-ion coordination is prerequisite for sustaining the persistent enzymatic activity, enabling the enzyme to translocate via continuous degradation of DNA. Thus, the dissociation of metal ions from the active site would change the enzymatic activity. To corroborate whether Mg 2+ remains at the active site during the reaction, we examined single-molecule trajectories obtained from various Mg 2+ concentrations and measured the degradation period over which FRET increases from the minimum to the maximum values (red lines in Fig. 2a) . Surprisingly, the pattern of the FRET time trajectory (Fig. 2a) and the mean rate of degradation ( Fig. 2b and Supplementary Fig. 1 ) were sensitive to the Mg 2+ ion concentration. The degradation occurred more slowly at lower concentrations of Mg 2+ , and the normalized fraction of degradation along the time trajectory showed a clear decrease in the degradation rate at lower Mg 2+ concentrations ( Fig. 2c and Supplementary Fig. 2 ). However, the slower degradation at low Mg 2+ concentrations was not due to the loss of cleavage activity of exonuclease because almost all DNA substrates were cleaved by the end of the reaction (Supplementary Fig. 3 ). The saturated enzymatic rate measured in this study (~17 nt s −1 at 9 mM MgCl 2 ) was consistent with those from bulk biochemical studies 27, 30 (10-12 nt s −1 ) and other singlemolecule studies [21] [22] [23] 31 (13-18 nt s −1 ). Remarkably, we found a significant reduction in the degradation rate with 15 mM MgCl 2 (Fig. 2b, red circle) .
Interestingly, clear patterns of pauses displaying constant FRET values over an extended period of time were predominantly observed at low Mg 2+ concentrations (e.g., blue windows in 2 nd through 5 th panels from top to bottom in Fig. 2a ). Detailed analysis reveals that the pause population and its dwell time decreased dramatically with increasing Mg 2+ concentration (Fig. 2d, e) . When the enzyme degrades the FRET-reporting region between two fluorophores, the enzyme exclusively performs processive degradation because the enzyme is topologically engaged by the previously produced 3′ non-hydrolyzed 23-nt-long DNA strand 21 , which is longer than the footprint of the enzyme. This molecular coupling enables ruling out the possibility that the pauses are the consequence of protein dissociation 21 6, 20 . In the presence of Ca 2+ ions, a significant number of traces demonstrate pauses (Fig. 3b , c) and backtracking ( Fig. 3d, e) . The analysis of single-molecule FRET time trajectories in the presence of Ca 2+ revealed three types of degradation patterns (processive, pause, and backtracking) (Fig. 3d) , and the individual FRET time trajectories obtained from different ratios of Ca 2+ to Mg 2+ were in quantitative agreement with our conjecture. The increased Ca 2+ /Mg 2+ ratio reduced the number of processive traces but increased the number of paused and backtracked traces ( Fig. 3e) , which substantiates the idea that both traces originated from the inhibitory effect of Ca 2+ . The patterns of backtracking are attributed to the backsliding of the enzyme along the undigested single strand due to re-annealing of DNA at the ss/ds junction 20, 21 . The degradation time, measured in the presence of both 2 mM Ca 2+ and 3 mM Mg 2+ , increased~21 fold relative to that of the case without Ca 2+ (Fig. 3f) . The Ca 2+ poisoning experiment, which demonstrates the Ca 2+ -concentration-dependent pause behavior, points to the dynamic nature of Mg 2+ coordination at the active site. Mg 2+ indeed dissociates upon cleavage.
Structural clues for the two-metal-ion dynamics. The active sites of the two crystal structures of exonuclease, which were cocrystalized with the DNA substrate and Mg 2+ or Ca 2+ , offer molecular insight into the metal-ion coordination with the enzyme. The trimeric enzyme has three active sites and retains a PD-(D/E)XK metal-binding motif at the core of its active site consisting of two conserved acidic residues (D/E) and one positive residue (K), conserved in type II endonucleases (Supplementary a DNA substrate is required to both stably bind Mg 2+ and enable the catalytically competent coordination of two Mg 2+ ions ( Supplementary Fig. 8a , zoomed-in view). As observed in previous studies, bi-metal-ion catalysis becomes viable only in the presence of a substrate with which an enzymatically competent complex is formed [34] [35] [36] . In contrast, in the Ca 2+ -bound X-ray structure 6 , Ca 2+ is stably coordinated even without a DNA substrate (see Ca 2+ in all the orange, blue, and green subunits: red circles around blue balls, left in Supplementary Fig. 8a ). In general, the two-metal-ion catalysis of nucleic acid hydrolysis utilizes the two ions as follows: Mg A 2+ ties to one oxygen atom of the scissile phosphate together with the hydrolytic water molecule that executes the nucleophilic attack, while Mg B 2+ binds to two oxygen atoms of the scissile phosphate 11 .
The new terminal generated upon cleavage (small red dotted circle, zoomed-in view of Supplementary Fig. 8a ) is translocated to the original terminal position (large green dotted circle), presumably through electrostatic attractions between the phosphate group and the positively charged pocket of the protein upon product release, as suggested by previous studies 20, 25 . With this molecular insight, we hypothesize the following. The translocation of the cleaved phosphate completely breaks the coordination bonds of Mg B 2+ with D119 and the scissile phosphate, which may result in the release of Mg B 2+ during each round of enzymatic turnover. In contrast, Mg A 2+ is likely to remain intact, coordinated by three stationary residues (D119, E129 and L130) at the active site ( Supplementary Fig. 8a ).
Kinetic model for the two-metal dynamics. Based on the FRET experimental data and the preceding arguments, we propose a minimal kinetic model that can fully delineate the effect of the metal-ion dynamics on the activity of λ-exonuclease (Fig. 4a) 
, respectively. Because the translocation-coupled duplex melting is the rate-limiting step 20, 23 , the cleavage and translocation were modeled as a single step transition.
In the proposed model, the degradation rate per nucleotide (Fig. 4b . See also Fig. 2b ) varies with [Mg 2+ ] (Eq. 1, see the methods for the derivation):
where
; and τ 1 is the mean degradation time per nucleotide. The experimental data are well fitted to Eq. 1 over the entire range of [Mg 2+ ] (Fig. 4b, red 
The minor difference between K B and K A (K B /K A = 2.4), corresponding to the stability difference of <1 k B T, is somewhat unexpected given that the coordination number of Mg A 2+ to the surrounding residues is greater than that of Mg B 2+ (i.e., 3 to 1 as in Supplementary Fig. 8a) . However, very different kinetic constants can give the same thermodynamic stability. To estimate k off A , which best explains the experimental time traces, we compare histograms of the degradation velocity (Fig. 4d) collected from experiments with those generated from the simulation at different k off A . Representative FRET time traces from simulations are shown in Fig. 4c . We found that the simulation results obtained with k off A = 0.1 s −1 best reproduce the trend in the experimental data ( Fig. 4e and Supplementary Fig. 9 ). We also compared mean pause times and their histograms ( Supplementary Fig. 10a, b) . Again, the simulation results obtained with k off A = 0.1 s −1 most closely match the experimental data trend (Supplementary Fig. 10c) Supplementary  Fig. 11 ) show a gradual decrease in the pausing dwell time and an increase in the translocation velocity as a function of [Mg 2+ ], which also closely resemble the experimental observations ( Fig. 2b and Fig. 4b ). Based on these results, we conclude k Fig. 5b ) along with the number of cleaved nucleotides (blue in the middle panel) and the chemical states of exonuclease over time (green in the bottom panel). Comparing the three panels in Fig. 5b clarifies that the transitions from EMM to EM or between EM and E slow down the degradation process (Fig. 5b) . A careful inspection of the FRET time trajectories at varying [Mg 2+ ] suggests that the distinct pause (pink window in Fig. 5a and top window in Fig. 5b) (Fig. 5c) . In contrast, a slope change from steep to mild that corresponds to a decrease in translocation speed results from the binding and dissociation of Mg B 2+ alone (compare the top and bottom windows in Fig. 5a , shaded in purple and green, respectively). More time trajectories based on the simulations and the analysis of different [Mg 2+ ] are available in Supplementary Fig. 12 . This simulation indicates that if Mg B 2+ alone dissociates and rebinds during each round of catalysis, then long and frequent pauses would not arise; instead, degradation would be smooth. We examined a model based on simultaneous dissociation of both Mg A 2+ and Mg B 2+ as well, but found that it could not generate the marked pauses ( Supplementary  Fig. 13 ).
Whereas Mg A 2+ and Mg B 2+ bind to the active site with similar ion-coordination stability (i.e., they have similar binding constant, K A ≈K B ), the Mg A 2+ ion both binds and unbinds from the active site significantly more slowly because the Mg A 2+ ion is coordinated by more residues than the Mg B 2+ ion at the active site ( Supplementary Fig. 8a) . The difference between the kinetic barriers to the dissociation of Mg B 2+ (ΔG Processive degradation occurs during a repetitive cycle between the 1 st and 2 nd metal-ion binding states, whereas a pause occurs due to the dissociation of two metal ions. The energy barrier between the 2 nd and 1 st states is lower than the one between the 1 st and 2 nd states due to the different numbers of ligands surviving after the translocation (e.g., 1 versus 3 ligands with protein residues for Mg B 2+ and Mg A 2+ , respectively). Transitions between ES** and EP* are indicated by two one-directional arrows to emphasize the transitions are non-reversible and not in equilibrium is estimated as ΔG Fig. 14 and SI text), lending support to the molecular insight inferred from the crystal structure ( Supplementary Fig. 8a) .
A mechanistic insight into metal-ion dynamics in exonuclease activity was acquired based on single-molecule FRET time trajectories, Mg 2+ -bound high-resolution crystal structures, and a careful comparison of FRET data with the simulation results derived from the kinetic model. Mg B 2+ dissociates during each round of catalysis due to the translocation, but Mg A 2+ dissociates only occasionally. As implied by the inter-conversions of EM ↔ EMM in the bottom panel of Fig. 5b (the green line) , Mg B
2+
dissociates whenever a transition is made from EMM to EM. Consequently, the rate of DNA degradation alters in a [Mg 2+ ]-dependent manner. The occasional dissociation of Mg A 2+ (transition from EM to E), albeit~200-fold slower than the dissociation of Mg B 2+ (transitions from EMM to EM), gives rise to a long pause. As summarized in Fig. 6 , metal-ion dynamics orchestrate enzymatic activity in the following manner: at low Mg 2+ concentrations, rebinding of Mg 2+ becomes rate-limiting, slowing down the overall degradation rate; at physiological Mg 2+ concentrations, the dissociation of Mg B 2+ during each round of cleavage facilitates product release and the translocation, optimizing the enzymatic turnover rate for multiple rounds of hydrolysis; and Mg 2+ concentrations above 9 mM suppress the probability of vacancy and Mg B 2+ dissociation (red circle in Fig. 2b ), thus preventing product release and translocation for the next round of cleavage.
Discussion
The coordination of metal ions to the active site of λ-exonuclease displays distortion from the perfect octahedral geometry (Supplementary Fig. 8a ), suggesting that they are in an energetically unfavorable state. If both metal ions ever dissociate, then it will take a longer time to re-assemble the functionally competent DNA-protein complex because the allosteric coordination of the two ions inevitably incurs a higher kinetic penalty than that of a single ion. This explains why the two metal ions bind in a sequential manner, displaying cooperativity during the enzymatic reaction. Although the ion-coordination stabilities of Mg A 2+ and Mg B 2+ are comparable, there is substantial difference in their kinetic barriers associated with both binding and dissociation, as illustrated in Fig. 5d .
The difference of~5.2 k B T between the kinetic barriers for dissociation of Mg A 2+ and Mg B 2+ (Fig. 5d) , estimated from our theoretical model, indicates that Mg A 2+ dissociates~200 times more slowly than Mg B 2+ . Thus, frequent Mg B 2+ dissociation for fast product release while keeping Mg A 2+ bound to prevent a large conformational change to an inactive state allows exonucleases to achieve high processivity at physiological [Mg 2+ ] (~3-9 mM). Furthermore, the long pauses due to the dissociation of two metal ions may act as an additional regulatory mechanism at a low [Mg 2+ ] (<0.3 mM) . In other words, the dissociation of Mg B 2+ is not random but occurs in a cleavage and translocationdependent manner. Given that the translocation of the enzyme for the next cleavage is limited by the rate of product release (<50 ms), an excessively stable coordination of Mg B 2+ would hinder product release, slowing down the degradation process, as evidenced by the slower translocation velocity at a high [Mg 2+ ] (~15 mM). (Fig. 2b, red circle) .
Biochemical and structural analyses 25, 29, [32] [33] [34] of RNase H found that after cleavage, the scissile phosphate could no longer simultaneously coordinate the two Mg 2+ ions, suggestive of cooperative binding right after the cleavage. The high-resolution crystal structures 16, 32, 37 and QM/MM MD simulations 11 of RNase H also suggest a cooperative effect of the two metal ions but this cooperation has never been kinetically demonstrated by time-resolved experiments on a relevant time scale. Our data clearly demonstrate the cooperative effect of two metal ions, as Fig. 6 The mechanism of two-metal-ion dynamics. The active site of one subunit of the homotrimer is shown in green whereas two Mg 2+ ions and nucleotides are represented by yellow circles and rectangles in various colors, respectively. Metal-ion coordination to the catalytic active site is highly dynamic so that two Mg 2+ ions (Mg A 2+ and Mg B 2+ ) can coordinate with and dissociate from the surrounding ligands. Mg A 2+ remains stably bound to the active site, but Mg B 2+ , which is close to the 5′ terminal side of the scissile phosphate, dissociates during every round of catalytic cleavage. As a result, the dissociation of Mg B 2+ facilitates product release and exonuclease translocation, promoting the overall processivity of exonuclease activity. More specifically, at high [Mg 2+ ] (≈2 mM), λ-exonuclease degrades processively and its cleavage activity is mainly controlled by Mg B 2+ dynamics (green dashed square). The fast unbinding/rebinding dynamics of Mg B 2+ and strict requirement of two Mg 2+ ions for the catalytic step yield a Mg 2+ -concentration-dependent exonuclease activity. Conversely at low [Mg 2+ ] (≤0.3 mM), occasional unbinding of Mg A 2+ from the catalytic site and slow rebinding of Mg A 2+ stalls the exonuclease activity, giving rise to a long pause (red dashed square), thus elucidating the molecular origin of dynamic heterogeneity in exonuclease activity. The dynamic variation in the coordination states of two metal ions orchestrates the multistep process of exonuclease activity NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06750-9 ARTICLE NATURE COMMUNICATIONS | (2018) 9:4404 | DOI: 10.1038/s41467-018-06750-9 | www.nature.com/naturecommunications shown in the sigmoidal curves (Figs. 2b, 4b) , which point to the allosteric conformational changes during the enzymatic activation. Furthermore, the long pause indirectly demonstrates their cooperativity and that both metal ions are definitely required to form a catalytically competent DNA-protein complex. Even though our kinetic fitting into the Hill function yields n = 1.6, suggesting that at most two metal ions participate in the function of exonuclease, there might be another transient intermediate in which a third metal-ion shortly binds and leaves a site of enzymes, other than the two canonical metal-binding sites, as indicated by the recent structural 7-9 and computational [38] [39] [40] studies. It is widely believed that metal ion cofactors are stably bound to the catalytic sites of enzyme, and that their lifetimes are much longer than enzymatic cycles owing to the concept that the coordination with chelating ligands is thermodynamically stable. However, our study clarifies that the timing of metal-ion coordination and dissociation from the active site is one of the key factors determining the rates of the enzymatic cycle. Our finding provides experimental kinetic evidences on fluctuations of the metal-ion coordination during enzyme activity, and offers a detailed insight to the type II nuclease, opening to future dynamic studies on other two-metal-ion catalysis system. The singlemolecule assay developed here enables deciphering the role of metal-ion dynamics in enzymatic cycles through the time trajectories of cleavage-coupled translocation along DNA. Based on all the data, we propose a full enzymatic cycle: (1) catalytically active DNA-protein complex formation (after initiation), (2) cleavage, (3) product and Mg B 2+ release upon translocation with concomitant melting, (4) metal-ion rebinding, (5) then a return to step 1. Our study elucidates the full effect of Mg 2+ dynamics on processive activity of λ-exonuclease (Figs. 2 and 5) ; clarifies a molecular basis for metal-ion dynamics at the active site of the enzyme and provides mechanistic insight into the origin of the dynamic heterogeneity in enzymatic activity, which has been reported previously for λ-exonuclease 23 as well as other proteins and nucleic acids [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] .
Methods
Protein expression and purification. The λ-exonuclease gene was amplified by PCR from genomic DNA of bacteriophage λ (D3654-5UN, Sigma Aldrich) by using primers designed for ligation-independent cloning 25, 51 . The PCR product was treated with T4 DNA polymerase and cloned into the pB4 ((his) 6 -tag-Maltose Binding Protein-TEV site) vector. The cloned vector was confirmed by DNA sequencing. The vector was transformed into BL21-Star (DE3) E. coli (Thermo Fisher Scientific) and λ-exonuclease was expressed in 1 L of LB medium. Bacterial cultures were grown to an OD 600 of 0.5, at which time IPTG was added at a final concentration of 0.3 mM. After shaking for 3.0 h at 37°C, bacteria were harvested by centrifugation at 5000 × g, re-suspended in 20 mL of buffer (50 mM Na phosphate pH 8.0, 5 mM Tris, 300 mM NaCl, supplemented with EDTA-free protease inhibitor cocktail) and lysed by sonication. The cell lysate was clarified by centrifugation for 30 min at 35,000 × g. His-MBP-tagged λ-exonuclease was purified by nickel affinity chromatography (His-Trap FF, GE Healthcare). His-MBPtag was removed by TEV protease, and native λ-exonuclease was collected in the flow-through by the second nickel affinity chromatography. The purified native protein was dialyzed and stored in a buffer (25 mM Tris-HCl (pH8.0), 50 mM NaCl, 1 mM DTT, 0.1 mM EDTA, and 50% glycerol).
DNA substrate preparation. DNA oligonucleotide strands used for singlemolecule FRET experiments were purchased from Integrated DNA Technologies (IDT). The DNA substrate used to probe the processive phase was constructed by ligating two pieces of DNA at room temperature for 1 h using T4 ligase (#M0202, New England Biolabs) and purified on a 15% PAGE gel. The sequences and modifications can be found in the supplementary information.
Single-molecule assays. DNA constructs were tied on a quartz surface coated with PEG (Laysan Bio) to minimize nonspecific surface adsorption of proteins 29, 52 . We immobilized~50 pM DNA molecules to the imaging chamber to achieve an appropriate density for single-molecule imaging. The reaction buffer contained 67 mM glycine-KOH (pH 9.4), various concentrations of MgCl 2 , 50 μg ml −1 BSA, 1 mg ml −1 Trolox (Sigma-Aldrich) and an oxygen-scavenging system of 1 mg ml −1 glucose oxidase (Sigma-Aldrich), 0.04% mg ml −1 catalase (Sigma-Aldrich) and 0.4% (w/v) D-glucose (Sigma-Aldrich). Trolox was employed as a triplex-state quencher to avoid fluorescent photo-blinking, and glucose and glucose oxidase were used to remove oxygen, which triggers rapid photo-bleaching of fluorescent dyes 29, 52 . The reaction began by injection of the reaction buffer containing λ-exonuclease into DNA molecules at room temperature.
Single-molecule data acquisition. FRET donor (Cy3) on the DNA was excited by a green laser (532 nm, 100 mW, Coherent Compass Laser). The fluorescence emission light from Cy3 and Cy5 was collected by a water immersion objective lens (UPlanApo 60×, Olympus) and then cleaned by a 550 nm long-pass fluorescence filter equipped in a total internal reflection fluorescence (TIRF) microscopy. The emission light was divided into donor and acceptor signals with a 635 nm dichroic mirror (Chroma) and was recorded by iXon Ultra 897 EMCCD camera (Andor). Both recorded fluorescence intensities of Cy3 and Cy5 were in an arbitrary unit (a. u.) since they were amplified by a gain factor. The data were saved in a video file format by a software written in Visual C++. Fluorescence intensities of single molecules were extracted by IDL software and FRET efficiency was calculated as the ratio of intensities, Accepter Intensity/(Donor Intensity + Acceptor Intensity) after amending cross-talk between the donor and acceptor channels. All data were analyzed with MATLAB codes and plotted in Origin software.
Protein-Mg 2+ degradation simulation: mean velocity. The mean degradation time for a single nucleotide τ 1 of the model shown in Fig. 4a can be expressed as
The first term on the right is the mean transition time for EMM→EM, where τ d is the average dwell time in either the EM or E state, and the final term denotes the mean transition time of EM→EMM. Competition between the two transitions EM→E and EM→EMM determines τ d , which can be written as
The first term represents the escape of exonuclease to EMM from EM after only one excursion to the E state, whereas the second term describes two excursions to the E state before escaping to EMM, etc. Hence, we obtain
Finally, we obtain the expression of mean velocity V=1/τ 1 , which is used in the main text to fit the [Mg 2+ ]-dependent data for V (Fig. 4b) .
Velocity histogram analysis and k off A estimation. The velocity histograms show a large heterogeneity (Supplementary Fig. 9 ), which may originate from the presence of dynamic disorder, i.e., the previously observed heterogeneity in rate constants 23 . Although the rate constant of the single exonuclease itself can change within a single time trajectory, we assume that such an event is rare as the DNA sample that was degraded in this study was only 20 nt long. We rather consider the scenario of quenched disorder, i.e., the difference between the rate constants among individual time traces.
To incorporate the heterogeneity in the analysis, we assume that each rate constant can be expressed as
where δΔG ‡ represents the variation in the activation free energy from one molecule to another. Here, k A is determined once we find k off ;o A by using K A estimated from [Mg 2+ ] versus V data. Since δΔG ‡ , contributed by the disorder, results from the sum of many interactions between protein residues, we assume that δΔG ‡ follows the normal distribution with zero mean and standard deviation σ 2 . Enzymes without disorder lead to σ = 0. To estimate σ 2 of exonuclease, we fit the log V histograms to a Gaussian distribution ( Supplementary Fig. 9, green lines) .
Next, to estimate k off;o A , we first calculate the probability density function (PDF) of degradation time for 20 nts, τ20, with randomly generated δΔG ‡ for a given k off ;o A . The PDF is calculated numerically by solving the following set of differential ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06750-9
equations describing the kinetic model proposed in Fig. 4a .
½ . P S (n,t) denotes the probability that the exonuclease is in the state S, where S ∈ {E,EM,EMM} is positioned at the n-th nucleotide at time t, where n∈{0,1,2,…,20}. For the numerical integration, the expm function in MATLAB was employed. To calculate the probability density functions that retain molecule-to-molecule heterogeneity, we generated 5000 random numbers for δΔG ‡ and took the average over them. Next, we calculated the PDF of ζ log 10 V ¼ log 10 20 τ 20 by using the following transformation.
The mean square error between the experimentally obtained velocity histograms and the theoretical prediction is minimized when k (Fig. 4e) . The relatively large error in the fit at high [Mg 2+ ] (black, red, orange lines in Supplementary Fig. 9 ) arises from the difference in the arithmetic mean of V (¼ 1= P τ i , where τ i is the degradation time obtained from i-th time trace), which is used in the estimate of rate constants (k Fig. 4b , and the arithmetic means of log V of histograms.
Generation of simulation data. The synthetic time traces were generated using the Gillespie algorithm 53 (Fig. 4c) .
Pause time analysis of simulation data. The pause times from the simulated time traces were collected when the exonuclease was stalled in the same nucleotide (i.e., when the enzyme showed no degradation activity) for longer than 2 s (Supplementary Fig. 10b) . To compare the experimental and simulated pause times, we used only pause times longer than 10 sec ( Supplementary Fig. 10b , black dashed line). The 10 s threshold was selected to minimize the error in the experimental pause times, because the noise inherent to the FRET signal hinders the unambiguous detection of short pause events.
Coincident dissociation of two Mg 2+ do not yield long pauses. As exonuclease and associated DNA undergo significant structural changes upon cleavage and translocation step, it is possible that both Mg A 2+ , Mg B 2+ ions dissociate at every cleavage event. To further clarify the stability of Mg A 2+ ion upon cleavage event, we develop another model (model-2, Supplementary Fig. 13a ).
Compared to the previous model (model-1, Fig. 4a ), a cleavage of DNA and subsequent translocation of exonuclease in the model-2 are always accompanied with the dissociation of both Mg A 2+ and Mg B 2+ (EMM to E, Fig. Supplementary  Fig. 13a, red arrow) . Subsequent reversible binding and dissociation of Mg A 2+ (E to EM, EM to E) and rebinding of Mg B 2+ (EM to EMM) in the model-2 are identical with the model-1. Again, here we posit based on crystal structure that the stable binding of Mg B 2+ requires the binding of Mg A 2+ before. In the model-2, at least one Mg A 2+ rebinding event is necessary for each enzymatic cycle. Thus, it is expected that, unlike the model-1, if rebinding of Mg A 2+ is slow, long pause is expected even at high concentration of Mg 2+ ( > 0.3 mM) which is not observed experimentally. This implies that in model-2, k b A » 0.1 and long-pause is not expected even at low Mg 2+ concentration.
To quantitatively check the conclusion above, we perform kinetic analysis and simulation. The degradation rate per nucleotide again has the same mathematical form with Eq. 1 in main text but the interpretation of fitting parameters changes. (Fig. 4b) 
Here, we assume k Supplementary Fig. 13b ), pause-time histograms (Supplementary Fig. 13c) , and their mean square error to experimental data ( Supplementary Fig. 13d ) imply that long paused state of exonuclease is not observed in the model-2. 
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